The mineral rhodonite an orthosilicate has been characterised by Raman spectroscopy. The Raman spectra of three rhodonites from Broken Hill, Pachapaqui and Franklin were compared and found to be similar. The spectra are characterised by an intense band at around 1000 cm -1 assigned to the ν 1 symmetric stretching mode and three bands at 989, 974 and 936 cm -1 assigned to the ν 3 antisymmetric stretching modes. An intense band at around 667 cm -1 was assigned to the ν 4 bending mode and showed additional bands exhibiting loss of degeneracy of the SiO 4 units. The low wavenumber region of rhodonite is complex. A strong band at 421.9 cm -1 is attributed to the ν 2 bending mode. The spectra of the three rhodonite mineral samples are similar but subtle differences are observed. It is proposed that these differences depend upon the cationic substitution of Mn by Ca and/or Fe 2+ and Mg.
Introduction
The mineral rhodonite ((Mn   2+   ,Fe   2+ ,Mg,Ca)SiO 3 ) has been studied some time [1] [2] [3] . Indeed because the mineral is highly coloured it has been studied by UVvisible absorption spectroscopy [4] [5] [6] . The mineral is one of a group of silicates known as an orthosilicates. The mineral can be used as a form of jewellery and has a semi-precious status. The infrared spectroscopy of rhodonite has been studied [7] . However no analysis of the structure was made. Infrared spectroscopy has been used to estimate the heat capacity of minerals including rhodonite [8] . The optical absorption of rhodonite has been elucidated [9] and studies of the surface properties using glancing X-ray techniques undertaken [10] [11] [12] . To the best of the authors knowledge no Raman spectroscopic studies of rhodonite have been forthcoming.
If the assumption is made that rhodonite structure is similar to an orthosilicate and that a large cation perturbs the tetrahedral SiO 4 units, then an analysis of the Raman spectra of rhodonite should be able to be undertaken. Indeed a comparison
• Author to whom correspondence should be addressed (r.frost@qut.edu.au) between rhodonites from different origins made. A tetrahedral SiO 4 molecule not involved in distortion should have four vibrational modes. These are the ν 1 symmetric stretching mode, the ν 2 doubly degenerate bend, the ν 3 triply degenerate antisymmetric stretching mode and the ν 4 triply degenerate bending mode. For tetrahedral SiO 4 units, the ν 3 and ν 4 modes will be infrared active and the ν 1 and ν 2 modes Raman active. If a cation causes the reduction in the tetrahedral symmetry the degeneracy of the vibrational modes will be removed. Farmer reports that for a heavy cationic silicate such as BaSiO4, the ν 3 modes occur between 880 and 940 cm -1 , ν 4 a doublet at 493 and 510 cm -1 , ν 1 is a weak band at 826 cm -1 [13] . Tarte showed that for the olivine series there was a linear relationship between position of the SiO 4 bands and the cationic radius. A similar relationship has been observed for the position of the bands and unit cell dimensions for the garnet group of minerals. In this work we report the analyses of three rhodonites of different origins and related the Raman spectra to the structure.
Experimental

Minerals
Samples of rhodonite were obtained from Museum Victoria. Sample m33277 originated from Broken Hill, NSW, Australia. Sample m39445 was from Pachapaqui District, Bolognesi Province, Ancash Department, Peru and sample m40106 was from Franklin, Ogdensburg, Sussex County, New Jersey, USA.
Raman microprobe spectroscopy
Samples of rhodonite were placed and orientated on the stage of an Olympus BHSM microscope, equipped with 10x and 50x objective lenses, as part of a Renishaw 1000 Raman microscope system. This system also includes a monochromator, filter system and a Charge Coupled Device (CCD). Raman spectra were excited by a HeNe laser (633 nm) at a resolution of 2 cm -1 in the range between 100 and 4000 cm -1 . Repeated acquisition using the highest magnification was undertaken to improve the signal-to-noise ratio. Spectra were calibrated using the 520.5 cm -1 line of a silicon wafer. In order to ensure that the correct spectra were obtained, the incident excitation radiation was scrambled. Previous studies provide an in depth account of the experimental technique [14] [15] [16] [17] [18] [19] . Spectral manipulation such as baseline adjustment, smoothing and normalisation was performed using the GRAMS® software package (Galactic Industries Corporation, Salem, NH, USA).
Results and discussion
The Raman spectra in the 800 to 1150 cm -1 range of the three rhodonite samples are shown in Figure 1 . The results of the spectral analyses are reported in Table 1 . A strong similarity is shown in the spectral profiles of this region between all three rhodonite samples. It is apparent that the most intense band is observed at 999 cm -1 (Broken Hill), 1000.3 cm -1 (Pachapaqui) and 1003.0 cm -1 (Franklin). This band is assigned to the ν 1 symmetric stretching mode of the SiO 4 units. The band for zircon was reported as occurring at 974 cm -1 [20] .
Three bands are observed at around 989, 974 and 936 cm -1 and are assigned to the three components of the ν 3 vibration. Slight variation occurs in the position of the bands between the samples. However this is well within experimental error. In the infrared spectrum of zircon three bands at 989, 1008 and 885 cm -1 were observed [20] . A band is found in all of the spectra at around 877 cm -1 . This band is considered to be a water librational mode which results from the replacement of O 2-ions by OH -ions in the rhodonite structure [21] . Evidence for the existence of water librational bands is confirmed by the presence of OH stretching bands in the spectral region from 3000 to 4000 cm -1 . A band is also observed at 1052 cm -1 . The attribution of this band is not known but one possibility is that it is an OH deformation vibration.
The 600 to 800 cm -1 region of the Raman spectra of the three rhodonites are shown in Figure 2 . An intense Raman band is observed at 667.3 cm -1 (Broken Hill, 667.5 cm -1 (Pachapaqui) and 670.0 cm -1 (Franklin). The band is sharp with bandwidths between 11.0 and 11.7 cm -1 . Some splitting of the band is observed with a band at 680 cm -1 observed in each spectrum. For the Pachapaqui and Franklin samples, an additional band is observed on the low wavenumber side at 659 and 664.6 cm -1 . If the assignment of bands according to Dawson et al. [20] is followed then these bands are assigned to the ν 4 bending mode. The observation of multiple bands shows at least a partial loss of degeneracy.
The Raman spectra of the low wavenumber region are shown in Figure 3 . For the Franklin rhodonite an intense band is observed at 421.9 cm -1 . Other low intensity bands are observed at 455, 439, 3409, 391 and 366 cm -1 . These bands are of A 1g symmetry and are polarised. Dawson et al pr0posed the band in this position for zircon was attributable to the ν 2 mode [20] . One probable assignment is that these bands are attributed to the ν 2 bending modes. The observation of multiple bands in this region shows the exact non-equivalence of the SiO 4 tetrahedra. The observation of multiple bands shows loss of degeneracy of these tetrahedra. A second internal mode of the SiO 4 tetrahedra of B 2g symmetry is observed at 263 and 277.5 cm -1 . These are also ν 2 bending modes. The low wavenumber region of the Raman spectra of rhodonite is complex and consists of multiple sets of overlapping bands. Some of these bands may be due to rotatory and translational modes.
Conclusions:
Raman spectroscopy has been used to characterise three rhodonites from different origins. The spectra of the minerals are similar but subtle differences are observed. It is proposed that these differences depend upon the cationic substitution of Mn by Ca and/or Fe 2+ and Mg. The minerals are characterised by a set of overlapping bands centred around 1000 cm -1 consisting of a symmetric stretching mode at 999 cm -1 and three antisymmetric modes at 989, 974 and 936 cm -1 . An intense band at around 667 cm -1 was assigned to the ν 4 bending mode and showed additional bands exhibiting loss of degeneracy of the SiO 4 units. The low wavenumber region of rhodonite is complex. A strong band at 421.9 cm -1 is attributed to the ν 2 bending mode. Tables   Table 1 Results 
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